, and ions (6, 10). Accordingly, the loss of K+ has been shown to be one of the first indications of membrane permeability changes under a variety of stresses (5, 17, 18, 20) .
It is nearly axiomatic to state that ozone affects membrane permeability (15) ; however, it is not yet understood how this may occur although it has been suggested that the membrane is made more permeable by ozone's oxidative action on either sulfhydryls of membrane proteins, or on the membrane lipid components (1 1, 15) . Previously, ozone treatment of plant material has been shown to induce changes in the transport kinetics of many substances, including water (9) , sugars (21, 22) , and ions (6, 10) . Accordingly, the loss of K+ has been shown to be one of the first indications of membrane permeability changes under a variety of stresses (5, 17, 18, 20) .
The net loss of K+ from ozone-treated Chlorella cells suspended in a Tris buffer has been measured using a cation-specific electrode (6) . The electrode method measured only the net loss of K+ at a low external K+ concentration. Thus, the effect of ozone upon the K+ influx and efflux could not be studied separately under physiological conditions. The use of Tris as a buffer induces K+ loss itself, thus making the interpretation of K+ loss difficult (7) . This paper examines the effects of ozone on the influx and efflux of K+ in Chlorella sorokiniana by using 'Rb+ as a tracer for K+ (2, 3) . A comparison of changes in influx and efflux transport kinetics produced by various ozone dosages and a close examination of initial influx kinetics suggest that the mode of oxidant injury may be due not only to increased membrane permeability but also to a collapse of the membrane potential. ' This work was supported in part by United States National Institute of Environmental Health Science Grant I ROI ES01204-01, -02.
MATERIALS AND METHODS
Cultures of C. sorokiniana, strain 07-11-05, were grown as described previously (6 For influx measurements, I09 cells were added to a total volume of 5 ml of medium in a stirred and temperature-regulated cuvette (38 C). Label ("6RbCl, New England Nuclear) was added prior to cell addition and subsequent gassing. Either oxygen or ozone in oxygen, produced and measured as previously described (6, 11) , was introduced into the agitated solution through a 50-,ul micropipette. At specific times, a 200-jul aliquot of the cell suspension was withdrawn, filtered on a Millipore filter (0.45 ,um), and washed with 5 ml of unlabeled medium. The cell sample on the filter was removed to a drying stand, bleached with I drop of Purex, and placed in a toluene-Triton cocktail for scintillation counting (14) .
Uptake rates were calculated from the amount of 8'Rb present in the cells at various time intervals, based upon the external specific radioactivity of Rb+ and K+.
In experiments during which the initial uptake kinetics were examined, l-ml aliquots from a batch of cells (10- that of the control. At the higher ozone level (150 ,ul/l), the linear rate likewise doubles but the lag time is not evident; later the influx rate becomes zero (and ultimately negative) after about 10 min. Although the amount of stimulation of K+ influx by ozone exposure varies from one cell culture to another, the average rate increases nearly 2-fold. For experiments with 12 separate cultures, the ratio of influx for ozone-treated cells to influx for 02-treated cells was 1.9 ± 0.6 (SD) at an ozone concentration of 100 ,ud/l (5.6 x 10-8 mol 03/min delivered to the solution). The stimulated influx rate is about five to eight times less than the stimulated efflux rate (the maximum observed rate was 1.9 x l0-'7 eq/cell. min). Thus, a net loss of K(Rb) always occurs. The increase in influx depends upon the ozone concentration and delivery rate (Fig. 2) , as does the time at which the apparent influx rate reaches zero.
Several tens of minutes into influx experiments, the internal specific radioactivity becomes high enough to cause a loss of internal label; thus, we observe an apparent zero rate of influx, where the real influx is equal to the real efflux. To circumvent this problem, we treated cells with ozone in the absence of label, but then added label to aliquots of cells removed from the treatment vessel after specific times (see under "Materials and Methods"). The initial uptake rate was measured from 1 to 4 min. By keeping the internal concentration of8Rb low, we kept exchange processes minimal. Control uptake rates showed little change over 60 min (Fig. 3) , while ozone treatment induced a stimulation of the K+ influx rate for up to 20 to 30 mn of treatment. Thereafter, the influx rate was progressively inhibited, to a degree dependent upon the amount of ozone delivered into the solution.
Results (not shown here) using 27 ,ul/l ozone at a flow rate of (Fig. 4) . (The delivery rates of ozone in both these cases compare with the higher ozone level in Fig. 2 and the lower level in Fig. 3.) We have never observed an increase in respiration of more than 10%1o, and only in both control and treated cultures within the first 2 to 3 min following exposure to the gases.
After 20 min of exposure, the respiration rate is less than lo0 of that of the control.
Efflux of K4 from Chlorella after exposure to various short pulses of ozone is seen in Figure 5A . As noted by Chimiklis and Heath (6), the rate of K+ loss returns to the control level after removal of ozone. By extrapolating the linear rate of loss (10) (11) (12) (13) (14) (15) min following the pulse) back to zero, we can compare the amount of K4 loss with the amount of ozone delivered to the cell suspension (Fig. SB) . About 55% of the K+ is lost from 109 cells (3.9 x 10-`5 eq/cell) for about 7. Cell suspensions (50 ml of 2 x 10" cells/ml) were continuously treated with ozone, at either 260 1,u/l (delivery rate = 1.6 x 10 6 mol 03/min) or 115 idl/I (delivery rate = 2.9 x 10-7 mol/min), without added tracer, as described under "Materials and Methods." One-ml aliquots were transferred to new vessels at times indicated on the abscissa, label added, and initial uptake determined for 0 to 4 min. The time axis represents the amount of time that the cells were exposed to ozone. Error bars represent standard deviation of linear uptake rate (over first 4 min). (Fig. 1) . At that point, about 40%o of the cell's K4 is lost.
The kinetics of the process by which the high rate of K4 loss returns to the control level, after removing the ozone (Fig. SA) , appears to be first order, with a t1/2 of about 3 to 3.5 min. This is similar to previous findings (6) .
Ozone stimulates K4 influx 2-fold but the kinetic curves are difficult to interpret. The data are clarified if plotted as the amount of K4 uptake with ozone minus the amount of K4 uptake with 02 alone (Fig. 6) . The excess amount of K4 uptake depends somewhat on length of ozone exposure; however, the rate and extent of these curves reach a maximum for ozone pulses of 2 min and drop off for longer exposure times. This dropoff may be due to the cells' increasing inability to retain high levels of label. In all cases, a constant low value of K4 influx is reached about 15 to 20 min after the cessation of ozone exposure.
The rate of K4 influx is nearly doubled (2.2 + 0.4) during the initial 5 to 10 min after 2 to 5-min pulses, and is significantly increased (1.3 + 0.1) for shorter pulse times (0.5-1 min). This is similar to what is observed with continuous exposure to ozone (Fig. 2) ; in addition, it correlates with the lag time necessary to reach the maximum stimulation of the K4 influx.
DISCUSSION
Changes in K4 fluxes provide one of the first indications of membrane injury (5, 15) . The loss of K4 due to changes in membrane permeability properties has been observed under oxidative stresses such as ozone exposure (7, 12) , UV damage (5, 20) , exposure to heavy metals (24), and peroxidation (18) . We have shown in this paper that ozone dramatically affects the outward movement of K4 in Chlorella.
Potassium influx is also stimulated by ozone treatment, as it is after y-irradiation (2, 3). There are at least five possible reasons for the apparent increased influx: (a) ozone alters general membrane permeability to all species thus linking increased Rb transport to either an anion or cation exchange mechanism; (b) most of the influx is due to a pump (2, 3) , and ATP levels elevated by increased metabolic activity (19) Figure 4 negate the second possibility. Respiration is rapidly inhibited by ozone treatment. After only 20 min of exposure, the respiratory rate is only 10%o of the control; thus, about 1018 mol of 02/cell -min are being used. If only glucose is respired, about (38 ATP/6 02) X 10-18 mol ATP/cell-min or 6.3 x 10`8 mol ATP/cell.min would be produced. Since the postulated pump moves 1.6 x 10-17 eq K+/cell-min (Fig. 2) Fig. I ) with an internal K+ concentration of 390 mN (see above), the calculated membrane permeability (Pk) is either 3.4 x 10-8/cms (for AA = -130 mv) or 3.0 x 10-9/cm.s (for A4/ = -40 mv) on the basis of the Goldman equation (12) , assuming that the efflux is completely passive. Using the Pk to calculate the passive influx rate, we obtain either 2.1 x l0-'7 mol/cell-min (for -130 mv) or 7.4 x 10`'9 mol/cell-min (for -40 mv). The first value exceeds the measured influx and can be eliminated. Therefore, the A4, must be less than -130 mv (in fact, calculated to be about -95 mv).
These data can be explained at least in two ways. If the membrane potential were low (A4& = -35 mv) and stable during ozonation, increased efflux is due to a 16-fold increase in Pk, accounting for our measured value. Then subsequently, the rate of the passive influx can be calculated to be 1 
